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I
n common with other rapidly renewing tissues such as the bone marrow and the intestinal epithelium, stratified epithelia are in a process of constant regeneration. Terminally differentiated cells lost continuously from the skin surface are replaced by an intricate and highly regulated proliferative process. In vivo cell kinetic studies in murine epidermis have elegantly demonstrated that this process is achieved by two distinct subpopulations of keratinocyte progenitors: (i) keratinocyte stem cells (KSCs), which represent a minor subpopulation of relatively quiescent or slow-cycling cells, defined by their great proliferative potential and an unlimited capacity for self-renewal; and (ii) transit amplifying (TA) cells-the progeny of the stem cells, with a limited proliferative capacity, identified as a pool of rapidly proliferating cells that are lost from the basal layer to terminal differentiation within 4-5 days (1-6). In addition, a third subpopulation of basal keratinocytes representing postmitotic differentiating (PMD) cells in the early stages of keratinization can also be identified (7) (8) (9) (10) (1) (2) (3) (4) (5) (6) 11) . More recently, it has been shown that LRCs from ear epidermis could be enriched from a suspension of primary basal keratinocytes by selecting for cells that rapidly adhered to a variety of adhesive matrices including polyD-lysine (12). Notably, LRCs represented on average approximately 50% of the adherent cells, indicating the presence of an equal number of nonstem cells. This study represents an important step toward the isolation of KSCs.
In the hemopoietic system, multilineage reconstituting stem cells can be separated from committed progenitor cells by fluorescence activated cell sorting (FACS), based on differences in their expression of cell surface markers (13) (14) (15) (16) (17) . Clearly the development of a similar strategy for the isolation of KSCs would greatly facilitate their characterization. Early studies utilizing antibodies to the ␤ 1 integrin demonstrated that human basal keratinocytes from neonatal foreskin epidermis, expressing high levels of this cell surface adhesion molecule, were enriched for KSCs, given their higher plating efficiency and ability to generate an epithelial sheet when grafted onto nude mice (18, 19) . Subsequent studies from our laboratory demonstrated a further enrichment for putative human KSCs, using long-term proliferative output and cycling status as assays for stem cells (20) . In that study, we utilized two cell surface molecules to fractionate primary keratinocytes: the adhesion molecule ␣ 6 , also a member of the integrin family, and a proliferation-associated cell surface marker recognized by mAb, 10G7 (21) . Specifically, we demonstrated that the basal layer of foreskin epidermis could be fractionated into three phenotypically and functionally discrete populations: (i) ␣ 6 bri 10G7 dim cells comprising a minor population (Ϸ4%) of quiescent basal keratinocytes at the time of isolation from the epidermis as determined by cell cycle analysis, exhibiting the greatest long-term proliferative capacity of any basal cells, thought to represent the putative epidermal stem cell population; (ii) ␣ 6 bri 10G7 bri cells, an actively cycling population showing lower long-term proliferative output designated the putative TA fraction; and (iii) ␣ 6 dim cells, a largely quiescent postmitotic differentiating fraction with relatively poor longterm proliferative output, expressing the keratinocyte differentiation markers keratin 10 and involucrin, designated the PM-D fraction (20) . These data represented an important step in resolving keratinocyte progenitors, but did not provide concrete verification of the human KSC population because of the absence of a rigorous reconstitution assay for epidermal stem cells. Because murine epidermal [ 3 H]Tdr LRCs detected in vivo are widely accepted to be KSCs, we set out to fractionate murine dorsal keratinocytes by cell surface markers and FACS tech-niques and, more importantly, to determine whether this approach could be used to enrich for LRCs.
Materials and Methods
Chicken Embryo Fibroblast (CEF) and CEF Human Transferrin Receptor (CEFHTR) Cells. CEFs expressing the human transferrin receptor (CEFHTR), also known as CD71 (22) , and uninfected CEFs, kindly provided by Ian Trowbridge (Salk Institute, San Diego), were grown in DMEM containing 1% chicken serum and 1% FCS and were stained with a known antibody to CD71, B3͞25.4 (23) , also supplied by Ian Trowbridge, mAb 10G7, and isotypematched negative control mAbs 1B5 and 1D4.5 (20) for flow cytometric analysis.
Murine Adult Epidermal Keratinocytes. Dorsal keratinocytes isolated from female BALB͞c mice aged between 7 and 9 weeks were used for flow cytometric analysis of cell surface markers (␣ 6 and CD71), for cell cycle analysis, and for pulse-labeling experiments (in mice killed 1 h after a single injection of [ 3 H]Tdr). Dorsal keratinocytes isolated from 14-week-old CD-1 mice containing [ 3 H]Tdr LRCs were used in phenotyping experiments. Methods for generating LRCs and PLCs were as described (24) . The epidermal cell isolation procedure used (24) yields both hair follicle and interfollicular epidermal cells.
Immunofluorescent Staining for ␣6 and CD71. Cells were processed for two-color staining for ␣ 6 and CD71 for FACS by incubating with mAb GoH3 (anti-␣ 6 integrin rat monoclonal; IgG 2a ) at 10 g͞ml (Serotec), and mAb R17 208.2 (a rat anti-mouse CD71 IgM, provided by Bob Hyman, Salk Institute) used as hybridoma supernatant for 1 h, after blocking in 4-ml blocking buffer (4% normal human serum͞0.4% BSA͞5% FCS in HBSS) for 20 min at 4°C. Cells were washed twice with DMEM containing 10% FCS and incubated with isotype-specific secondary antibodies, i.e., anti-rat IgG FITC (1:80) to detect ␣ 6 and anti-rat IgM biotin (1:125) (Jackson ImmunoResearch). A third-layer reagent, streptavidin-phycoerythrin (1:80), was used to detect CD71. mAbs B220 and a rat anti-mouse CD8a mAb (IgM; kindly provided by Bob Hyman) were used as isotype-matched negative controls. All incubations were performed at 4°C and the cells were fixed after staining for flow cytometry. Alternately, for FACS experiments, cells were resuspended in HBSS with 5% FCS to achieve a concentration of 10 7 cells per ml, containing 1 g͞ml of the viability dye 7-amino-actinomycin D (7-AAD; Molecular Probes) to exclude nonviable cells. Cell sorting was performed on a FACStar plus (Becton Dickinson), and the viability of sorted cells determined to be Ϸ95% by trypan blue exclusion.
Cell Cycle Analysis. Sorted cells were collected into DMEM-10 and kept on ice. Per fraction, 10 5 cells were collected and processed for cell cycle analysis. Cells were fixed and permeabilized in 70% ethanol (Ϫ20°C) at 4°C for 20 min, washed with HBSS͞5% FCS, and treated with 40 g͞ml RNase for 20 min at 37°C. Cells were then incubated in 3 g͞ml propidium iodide for 5 min at room temperature and placed on ice before flow cytometric analysis on an Coulter EPICS XL.
Measurement of Cell Size, Cytoplasmic, and Nuclear Area. Cytospins of fractionated keratinocytes were stained with Giemsa and microscopic images of these cells were subjected to automated computer image analysis at a magnification of ϫ20 to determine cell diameter and area. The nuclear and total cell areas were measured and the cytoplasmic area was calculated from these parameters. These data were obtained with analysis software developed for VIDEO PRO (Leading Edge Proprietary, Ltd., Adelaide, Australia). Approximately 100 cells per fraction were analyzed and the results were subjected to a paired t test.
Autoradiography for LRCs and PLCs. Cytospins were prepared from fractionated keratinocytes derived from [ 3 H]Tdr-labeled CD-1 mice containing LRCs or from BALB͞c mice containing PLCs and processed for autoradiography as previously described (24) . Three separate LRC sorting experiments (LRC-1, LRC-2, and LRC-3) were performed on groups of three CD-1 mice, whereas two separate PLC sorting experiments (PLC-1 and PLC-2) were performed on groups of four mice. The percentage of LRCs or PLCs was determined by counting a total of 500 cells per fraction for each experiment.
Immunohistochemical Staining for CD71. Cryostat sections of dorsal skin from 8.5-week-old female mice were fixed in acetone for 10 min at Ϫ20°C, blocked in 10% normal goat serum for 20-30 min, and stained with a 1:250 dilution of a rat mAb to murine CD71 (clone R17 217.1.4; Caltag Laboratories, South San Francisco, CA) directly conjugated to FITC for 1 h. Sections were counterstained with propidium iodide.
Results
Identification of 10G7 Antigen as the Transferrin Receptor CD71. To extend the cell surface phenotype ascribed to candidate human KSCs into murine epithelia, it was necessary to identify the proliferation-related antigen recognized by mAb 10G7. Flow cytometric analysis of a range of nonepithelial cell types, including hemopoietic progenitors and their differentiated progeny demonstrated that the 10G7 antigen was widely expressed by actively proliferating committed progenitors. Subsequent immunoprecipitation studies from these cells revealed that mAb 10G7 recognized an abundant cell surface protein with a molecular mass of about 200 kDa under nonreducing conditions and 95kDa under reducing conditions, leading us to infer that mAb 10G7 may recognize the transferrin receptor of the same molecular weight, known to be expressed on all proliferating cell types. This finding was confirmed by the demonstration that mAb 10G7 bound to CEFs expressing human CD71 (Fig. 1) , but not to untransfected controls. Thus, the phenotype of putative human KSCs can now be confirmed as ␣ 6 bri CD71
dim.
Phenotyping of Murine Dorsal Keratinocytes. Primary keratinocytes were isolated from adult murine dorsal skin and their identity confirmed by determining their expression of Keratin 14 (K14), a marker of undifferentiated epidermal cells of the basal layer and within the hair follicle. K14-positive cells represented 85.4 Ϯ 3.0% of the total number of isolated cells in replicate experiments (n ϭ 3). The ␣ 6 integrin is also expressed by dorsal keratinocytes and has been shown to have a functional role in mediating adhesion of basal keratinocytes to the basement membrane via hemi-desmosomes (25) (26) (27) (28) . Two-color flow cytometric analysis of isolated cells revealed that all cells expressing high levels of ␣ 6 integrin also expressed K14, indicating that the selection of ␣ 6 bri cells yields keratinocytes and excludes nonepithelial cells (data not shown). Subsequent, two-color flow cytometric analysis of ␣ 6 and CD71 consistently revealed three phenotypically discrete populations of cells (n ϭ 25; Fig. 2 ): (i) a major subpopulation representing 58.6 Ϯ 8.2% (n ϭ 3) of the total isolated cells exhibiting high levels of both ␣ 6 and CD71 (termed ␣ 6 bri CD71 bri ); (ii) a minor population representing about 8.1 Ϯ 2.0% of the cells, characterized by high level expression of ␣ 6 and low levels of CD71 (termed ␣ 6 bri CD71 dim ); and (iii) a less distinct third population of cells representing about 15.1 Ϯ 2.5%, expressing relatively low levels of ␣ 6 (termed ␣ 6 dim ). In all our cell preparations, a population of ␣ 6 negative cells was also consistently observed. These nonepithelial cells were excluded from subsequent analysis by selection of ␣ 6 -positive cells. To establish the cycling status of these three phenotypically distinct murine epidermal fractions, flow cytometric analysis was performed on the sorted subpopulations stained with propidium iodide as previously described (20) . These data demonstrated that approximately 3% of all basal keratinocytes (unfractionated total basal keratinocytes) are engaged in DNA synthesis (Fig. 3a) , in close accord with published data (29, 30) . Notably, the ␣ 6 bri CD71 bri fraction was 
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Giemsa-stained cytospin preparations of these fractions confirm these size differences as well as demonstrating that the ␣6 bri CD71 dim population has a high nuclear:cytoplasmic ratio (d) as compared with the ␣6 bri CD71 bri population (e). These properties indicate enrichment for putative stem cells in the ␣6 bri CD71 dim fraction.
significantly enriched for actively cycling cells, as compared with the ␣ 6 bri CD71 dim (P ϭ 0.036) and ␣ 6 dim fractions (P ϭ 0.019), which contained significantly fewer cells in S and G 2 ͞M. In addition, the ␣ 6 bri CD71 dim fraction also contained the greatest number of G 0 ͞G 1 cells, consistent with it being the most quiescent subpopulation of keratinocytes.
The ␣ 6 bri CD71 dim and ␣ 6 bri CD71 bri populations also exhibited distinct differences in cell size and cytological characteristics. The quiescent ␣ 6 bri CD71 dim population (Fig. 3b) contained significantly smaller cells than did the ␣ 6 bri CD71 bri fraction (Fig.  3c) as determined by differences in the forward light scatter properties of the two populations. Moreover, microscopic examination of cytospin preparations of these cells revealed that the quiescent ␣ 6 bri CD71 dim cells exhibited a ''blast-like'' appearance with a high nuclear to cytoplasmic ratio consistent with undifferentiated or primitive cells (Fig. 3d) as compared with the ␣ 6 bri CD71 bri cells, which had a basophilic appearance indicative of transcriptionally active cells (Fig. 3e ). These differences in the morphological appearance of the two populations were verified by using computer image analysis to quantitate cell size and nuclear versus cytoplasmic areas of Giemsa-stained cytospin preparations of about 100 cells per fraction. The results shown in Table 1 bri , and ␣ 6 dim subpopulations by FACS as before. Cytospins were prepared from the collected cells and processed for autoradiography, and the frequency of LRC per fraction was determined microscopically. The results of three independent sorting experiments (Table 2) showed that on average 11.30 Ϯ 0.99% of the total unfractionated cells represented LRCs (mean Ϯ SD of LRC-1, -2, and -3). Importantly, the majority of these LRCs (71.95 Ϯ 14.02%) were in the relatively quiescent ␣ 6 bri CD71 dim fraction (Fig. 4) , indicating significant enrichment for murine KSCs. Smaller numbers of LRCs were also found in the actively cycling ␣ 6 bri CD71 bri fraction (12.6 Ϯ 5.3%), as well as in the ␣ 6 dim fraction (15.45 Ϯ 9.35%) as shown in Fig. 4 In vivo, murine epidermal TA cells are readily labeled after a single injection of [ 3 H]Tdr, because they represent a population of actively dividing cells and are therefore termed pulse-labeled cells (PLCs). Cell kinetic studies indicate that 1 h after a pulse of [ 3 H]Tdr, approximately 2-5% of basal keratinocytes are labeled and are subsequently lost from the epidermis within a week to differentiation (5, 8, 29, 30, 32) . We therefore sought to determine whether the ␣ 6 bri CD71 bri fraction shown by our cell cycle analysis to consist of actively proliferating cells contained PLCs. Keratinocytes were isolated from mice given a single injection of [ 3 H]Tdr, fractionated by cell surface phenotype as described above, and subjected to autoradiography. The distribution of PLCs among the fractionated keratinocytes from two separate sorting experiments (PLC-1 and PLC-2) are shown in Table 2 . Consistent with published studies (5, 8, 29, 30, 32) and with our cell cycle data (Fig. 3a and ref. 20) , on average 4.1 Ϯ 1.6% of total unfractionated keratinocytes were labeled with [ 3 H]Tdr. Importantly, the ␣ 6 bri CD71 bri fraction contained the majority (69.73 Ϯ 1.09%) of the total overall number of these PLCs, whereas the ␣ 6 bri CD71 dim fraction previously shown to be enriched for LRCs and the ␣ 6 dim fraction contained 16.24 Ϯ 6.28% and 13.97 Ϯ 5.13% of total PLCs, respectively. These data Numbers represent frequency in 500 cells per fraction.
demonstrate that the ␣ 6 bri CD71 bri fraction is significantly enriched for TA cells as shown in Fig. 4 and Table 2 .
Localization of CD71 dim Cells to the Hair Follicle Bulge Region. Cell kinetic studies have demonstrated unequivocally that LRCs are found at two specific sites in the dorsal epithelium, i.e., interspersed as single cells within the basal layer of the epidermis and clustered within the bulge region of the hair follicle (1) (2) (3) (4) (5) (6) 11) . Consistent with these studies, autoradiographic analysis of dorsal skin sections revealed that LRCs could be found principally in the first generation follicle, commonly called the bulge, and occasionally in the basal layer of the interfollicular epidermis (data not shown). We reasoned that if the ␣ 6 bri CD71 dim cells were indeed stem cells, then immunohistochemical staining should reveal decreased staining for CD71 in the bulge region of the hair follicle and in rare cells within the epidermis. The data shown in Fig. 5 demonstrate the differential expression of CD71 in the hair follicle. Notably the interfollicular epidermis and upper portion of the hair follicle including the sebaceous gland exhibited relatively bright CD71 staining (Fig. 5 a and b and Supplementary Fig. 8) , with the strongest expression detected in the bulb region at the base of hair follicles in early or mid-anagen (Fig. 5 a and c; see supplementary Fig. 6 , published on the PNAS web site, www.pnas.org). Importantly, the bulge region consistently showed low to negative staining for CD71 (Fig. 5 a and b; see also supplementary Figs. 7 and 8). Differential expression of CD71 in the basal layer of the epidermis was not detected. Bright staining for ␣ 6 was observed throughout the basal layer of the interfollicular epidermis and in the outer root sheath of the hair follicle (data not shown).
Discussion
Despite the central importance of stem cells in cell renewal within the epidermis, our ability to directly study this minor subpopulation of keratinocyte progenitors has been hampered by the lack of markers that allow us not only to identify these cells but also to isolate them in a viable state. We have reported here that cells that satisfy many of the criteria assigned to keratinocyte stem cells reside within a population of cells with the surface phenotype ␣ 6 bri CD71 dim , the most important of which is their definition as slow-cycling [ 3 H]Tdr LRCs, a widely accepted definition of murine KSCs in vivo. In addition, dorsal keratinocytes with the phenotype ␣ 6 bri CD71 dim comprised a minor population (Ϸ8%) of small, unspecialized cells with a large nuclear:cytoplasmic ratio. The localization of CD71 dim cells to the hair follicle bulge, a well documented site for slow-cycling stem cells (11, 33) further strengthens our data. It has been shown unequivocally that the interfollicular epidermis is a self-renewing tissue organized into functionally discrete epidermal proliferative units (EPUs), comprising a central stem cell (recognizable as an LRC) and its progeny of approximately 10 basal cells, giving rise to a column of differentiated keratinocytes directly above it (8) . These interfollicular stem cells should also be CD71 dim but were not easily identifiable, presumably because they occur as single cells interspersed among other basal cells.
Interestingly, we observed that not all cells within the ␣ 6 bri CD71 dim fraction at 14 weeks postlabeling were LRCs, the latter representing Ϸ1.4% of total isolated keratinocytes. The incidence of stem cells in the interfollicular epidermis alone is estimated at 1-10% of the basal layer from cell kinetic studies, not taking into account the stem cell population known to reside in the hair follicle bulge region (11) . Thus, clearly in our experiments, not all epidermal stem cells are represented as LRCs. In particular, although interfollicular epidermal LRCs comprise Ϸ4% of the basal layer at 8 weeks postlabeling (29) , our autoradiographic analysis showed that at 14 weeks, LRCs resided primarily in the hair follicle bulge region and very rarely in the interfollicular epidermis. Thus, interfollicular epidermal stem cells likely to be present within the ␣ 6 bri CD71 dim fraction are likely to be represented as non-LRCs. In addition, it is highly likely that not all stem cells were proliferating during the [ 3 H]Tdr labeling period in the newborn mice. Nevertheless, these factors alone cannot account for only Ϸ18% of the cells within the ␣ 6 bri CD71 dim fraction representing LRCs at 14 weeks postlabeling, and there remains the possibility that a hierarchy of keratinocyte progenitors exists within the ␣ 6 bri CD71 dim fraction that may appear as LRCs at earlier time points, an inference that is supported by detailed cell kinetic studies reporting rates of loss of LRCs from the epidermis over time (6, 29) . This hypothesis is also supported by recent data that demonstrate the presence of rare LRCs in hair follicles as long as 1 year after labeling (33) . This notion is consistent with the ''diminishing stem-ness spiral model'' proposed by Potten and Loeffler (34) , which suggests a continuum between stem cells and TA cells, accompanied by a gradual loss in self-renewal capacity and increasing probability of differentiation. We have also ascribed the murine epidermal TA population with the phenotype ␣ 6 bri CD71 bri and have shown that PLCs reside within this subpopulation. Not all cells within this fraction were labeled with [ 3 H]Tdr because only a small proportion of this population is in S-phase at a given time as reported previously (5, 8, 29, 30, 32) . The incidence of TA cells reported here (Ϸ60%) is also consistent with cell kinetic studies reviewed by Potten and Morris (35) .
We have previously shown that ␣ 6 integrin is expressed on both KSCs and TAs (20) . The use of CD71 to fractionate proliferative cells into quiescent and cycling compartments is not unprecedented and has been validated by previous studies in the hemopoietic system that demonstrated that candidate human hemopoietic stem cells could be separated from their immediate progeny, the committed progenitors, by their low to undetectable expression of CD71 (36, 37) .
In conclusion, our studies provide the means to identify and enrich for viable KSCs and TAs. The ability to recognize these populations phenotypically will permit investigation of the molecular differences between these keratinocyte progenitors and provide a basis for the identification of genes with a critical role in epidermal growth, differentiation, and self-renewal of KSCs. Further, the data have important implications for the study of epidermal carcinogenesis, given that stem cells are likely to be a target for carcinogens resulting in the development of carcinomas (24, 38) . Finally, the accessibility of skin makes human KSCs an ideal vehicle for genetic manipulation and gene therapy for the treatment of both skin disorders and systemic deficiencies. The ability to identify and isolate these cells represents an important prerequisite for the development of these approaches.
